
It has been known for over 50 years
that, under carefully controlled conditions,
metallic liquids can be cooled far below their
equilibrium melting temperatures (under-
cooled) before crystallization takes place.
This suggests that the homogeneous nucle-
ation mechanism responsible for formation
of the solid phase must present a large bar-
rier to phase change. To explain this surpris-
ing result, F. C. Frank [1] theorized that as
metallic liquids cool, (1) local structures
develop in the liquid phase containing icosa-
hedral short-range order (ISRO), which is
incompatible with the long-range periodicity
of the crystalline phase, and that (2) this
incompatibility creates a barrier to the forma-
tion of the crystalline phase.

Several experimental studies have sup-
ported this hypothesis, but have shopped
short of providing direct proof of it. It has been
found, for example, that an increase in the
maximum undercooling before crystallization
is associated with decreasing ISRO of the
crystallized phases of Al-Cu-Fe, Al-Cu-Co,
and Ti-Zr-Ni liquids. Direct observations of
ISRO in the undercooled liquids, however, were not made.
Similarly, ISRO was recently found in undercooled Ni, Fe, and Zr
liquids, but these results did not establish a link between the
ISRO and the nucleation barrier for the solid phase.

The first direct experimental confirmation of Frank’s
hypothesis took place at MU-CAT’s 6-ID-D beamline at the APS
[2]. Using the recently developed Beamline Electrostatic
Levitation technique, which allows in situ x-ray diffraction
experiments on electrostatically levitated droplets (Fig. 1),
researchers from Washington University, NASA Marshall
Space Flight Center, and MU-CAT studied the undercooling
behavior of Ti39.5Zr39.5Ni21. Electrostatic levitation in vacuum
(~10-7 Torr) was used to create a containerless environment,
which was needed to avoid the masking effects of heteroge-
neous nucleation. The levitated droplets were ≈2.5 mm in diam-
eter and were positively charged by induction. The charge was
maintained through the photoelectric effect by using intense
ultraviolet light. Samples were melted with a fiber-coupled
diode laser and then allowed to drop in temperature through
free radiation cooling. Optical pyrometers measured sample
temperature, and high-energy x-rays (125 keV, 0.099 Å) pro-
vided a scattering range of 0 ≤ q ≤ 9 Å-1.

The researchers measured an increas-
ing ISRO in the Ti-Zr-Ni liquid with under-
cooling, finding that this increasing ISRO in
the liquid phase is responsible for the nucle-
ation of a metastable Ti-Zr-Ni icosahedral
quasicrystal phase (i phase) instead of the
stable polytetrahedral C14 Laves phase,
which also tends to nucleate easily over a
wide composition range. Two recalescence
events were observed (see Fig. 2): in the
first, the temperature rose from 953K to
1058K, followed within a few seconds by a
second rise in temperature to 1083K. In situ
x-ray diffraction analysis showed that the
metastable i phase nucleates and grows
during the primary recalescence from 953K,
releasing evolved heat of fusion, which
causes sample temperature to rise. This i
phase subsequently transforms within a few
seconds to the stable C14 Laves phase dur-
ing the second recalescence event from
1058 to 1083K, which is the equilibrium
solidus temperature.

Fig. 2. Cooling curves for electrostatically levitated 2.5-mm
droplet of Ti39.5Zr39.5Ni21 as a function of temperature, showing
two recalescence events (indicated by arrows). The first event
corresponds to the nucleation and rapid growth of a
metastable icosahedral quasicrystal; the second event indi-
cates the transformation to the stable C14 crystal phase. 

Fig. 1. Electrostatically levitated 2.5-
mm-diameter droplet of molten
Ti39.5Zr39.5Ni21, held near the liquidus
temperature (1083K).

DE M O N S T R AT I O N O F T H E IN F LU E N C E O F
LO C A L IC O S A H E D R A L OR D E R O N T H E
NU C L E AT I O N BA R R I E R O F ME TA L L I C L I Q U I D S

SOFT MATERIALS & LIQUIDS



In summary, the researchers demonstrated an enhanced
icosahedral short-range order with undercooling in Ti-Zr-Ni liq-
uids that decreases the barrier for the nucleation of a
metastable i phase to below that for the formation of stable
polytetrahedral crystal phases. In this way, the data demon-
strate the connection between the local order of the liquid and
the nucleation barrier. This verifies Frank’s hypothesis that the
origin of the barrier to nucleation of crystallographic phases is
the formation of local icosahedral order in the liquid.

The data demonstrate that local order in the liquid phase
strongly influences the nucleation of specific phases even in
metallic liquids, in which atomic interactions are weak and rel-
atively isotropic. This indicates that the influence of preexisting
local order in the liquid is an important ingredient in the liq-
uid/solid phase transition that should be considered in theoret-
ical treatments of nucleation.
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